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• Large Scale Classical Molecular Dynamics on

a Shared Memnr3: Architecture Machine i
I

Telsofl-BrcTlncr reactive i_.my-body potential for h_droca.rbc, ns t

Long Range (6-12) VZUldcr Walls irtreracrions !

P_'allel implel_ntation on a sh_ed zz_mory Origin2000
lilac[lille

Srivaslav;I ;Hid B:lr'nat'd --I_EE SuperComputing '97

• Quantum Molecular Dynamics Methodologo'

Tight-binding molecular dynamics tn an non-ortbogona|
alomi¢ basis [GTBMD) method.

Previous Parametrization : Silicon and carbon
M. Menon and K. R. suhha._walny, Phys. Rev. B (1993--94)

Extended to heleroatomic s)stems including: C, B, N

Chem. Phys. Lett. Vol. 307, 407 (1999)
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I_ [ Technique Development Focus I J

Large Scale Cht_,_ic;d Molecular Dynamk's on
a Shared .Memory Architeclure Machine

• Brcnner's reactive many-body potential for hydroc'.u'bons

Long Range (6-12) V_Ji der Walls inl¢ractinas

• Parallel implemcnlation 011_ shill'ed iT_T'flOi'_/Origin2000
machine

• Cell rr,,ethod

• Spatial Decon'4)ositinl_ lot Neighborlist
• L¢'dcal Dccompo_ilinn for Force Calculations

- b_tterload bul._,ce
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D. Srivastava and S. Barnard - IEEE SuperComputlng '97 Prec.

_ [ Technique Development Focus I1 ]

Quantum Molecular Dynamics Methodology:

U- U, ÷ Ur_p* Uo

U d " Sum [ one electron eaergl_]

U = Sum [ repulsive pair potential ]
rt,p occupied

- Non-olhogonal atomic b_Ls GTBMD method

Secular Eq. det{ hij- E stj ] = 0

The forces on an atomic coordinates are given by

1¢• =-dU/dx

Molecular Dynamics : system is dynamkany evolved

at each time step

Previous Paran_trtzation : Silkon and carbon
M. Menon and IC R. subbaswamy. Phys. Rev. B (1993-9_)

Extends to Iwteroalomi¢ sy_teaLs including: Si, C, B. N, and H
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• Nanolubcs are extremely slrong highly elastic nanollbers

- high val.e or Young modulus
steel - 0.2 TPa
swat - 1.2 TPa

• Dynamk response of nanotubes to ballistic de formation
- axial counpression, bemling and torsion
~ comparison between SWNT and MwN'r behavior

( Axial Compression)

SWNT _ ,'NT

/

- redL_lribulion or strain, and _ide ways buckling /

JD. Srivastava eL al., Chapter 14. Vol 2, llandbook of
Nanoslructured Materials and Nanatechnolo_,', Ed. H. S. Nalwa

Academic Pres.% 2000 2000.D.s_i_._,.
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FIG. I. MD-simulated nan,aah¢ of Icn ath L _ b urn,. dia-
meter d += I nm. and arn_.-hair helicily (7.7) uadec axial
¢ompressitm. The slraia energy la_ display_ four singularities 1
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I Nanotubes in C°mp°sltes I

• Experiment : Buckling and Collapse of Embedded
Carbon Nanotubes

O. Lourie et, al. Phy_ Rev. LetL Vol. 81 IK7,8 (1998).
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(a) qb)

Under Compre_lonal strain two modes are observed

~ (a) ~ long nmlti-wall ltanotubes behave as elastic rods that

buckle, bend aud hmp

-(b_ _ thin walled tlanotubes h_dl_ c.llapse oc rnlcture rather

than buckle

_NI_ [ Compre,_sed Nanolubes in Composites ] U _

• EnergeUcs of conapse-plasticity of (8,0) CNT

at 12% compression strain.
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Quanlum GTBMD Methyl
d_kal _lpnl[_lk ! _ifh ]l'¢¢.r_ff-]_rgnr, gr ]3*,tetq[a|l

Linear response regime ( Y = 1.3 TPa) followed by

pinching/buckling _elassical MD) or collapse/plasticity

(quanlum MD).
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• Spontaneous collapse-plasticity of (8.0) CNT through

graphitic (sp2_ to diamond like _p3_ type transition.

D Sn_'t_r.*_,a. _,1. MellOll and K Cho. Ph_,s. Rcv l._lt. Vol. 83.

2973 _ It')%.

J

• Comparison with classical atornlstlc simulation, and a

CNT with B paint detect.

• With a _ingle B point defect

• Symmetric pinching deformation _,elastie_ with Brenner potential

J



l CxByNz Nanolubes ]

• Ba_b_,_pp engineering over a larger range should be

BN - 5.5 eV

BC2 N ~ 2.0 eV

C -0-1eV

BC 3 ~ 0.5 eV
- a varlet) of junt'tior_, quantum dots and

superlattices should be possible

- should be more robu._t

• Example: Composite (10,0) nanotube

0,_t4eV/atom OJ8 eV/al_ml 0.37eV/alom

0.00
I

1

rct orL_lrut'liq_tl due to ]
l

[s_L'lr BN bt:ml

._ooo- D Sdv*,tm_l i
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i_'/j BN Nanolubes - Structure Simulations

• BN bond buckling effect
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BN Nanotubes - Nanomechanics

Young's modulus and plasticity of a compres ',_ed
BN nanotube.
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Y (BN) = 1.2 TPa ~ BN is 92% .as_tmng _ CNT !
Y(C) =1.3TPa

BN nanotube plastically collapr_ at t.ven] higher strain

than C nanolube.



molecularwires
topologicaldefectmediated
hetero-Junctions ~ s'witching

lransi_,'ting

tunneling devices

C nanotubes doped with B and N

BN nanotubes (insatlator - 5eV gap)

heterojunctions

superlaltlces

L_

Combination or the above two ~ to taylor

the probable device characteristics

/
interconnects - Carbon/metal junctions ]

/

Ibasicsl

12:.¢

Hexagonal Lattice of a Graphenc
Sheet - _2xunit cell

Carbon Nanotube Electronics Band Structure

First Brillouin zone for an

chair tube

B'

B _* :

A C .. • .......

Ch : n a + m b (chiral vector)

i Carbon Nanotube ElectronlcsBand Struclu/_i_

° j° _ '

|a_ tx'¢[¢¢
leW ,'_er Van mlrs

(9,0) tube (10,0) tube (5,.5") tube

Art ch ir t ihes l*l,n) ~ n_t,_l like

Otl_.'r',vi_ n_n = 31 tJ~ h,e_er) tr_..tal like



[ Carbon based Electronics I ] !

2- point Nanotube HeteroJunctions

Molecular Electronic Switches

(!0,0) - (6,&) (_,0) - (5,S) (S,O)- (7,1) (12,0)- (! I,O)

Bent Junctions Straight Junctions

Chico ¢t. al. Phys. Rev. Lett., 96 5em_.c,?nduccor-Mecal

Charlier el. aJ. Phys. Rev. B, 96 Se.'rd.rret _l-tle_al

Lambine el. al. Cberrt Phys. Left., 96

$aito et. :,d. Phys. Rev. B, 96

M. Menon and D. Sdvastava, J. Mat. Rer, carch. 98

We slud|ed the effect or capping the tubes and relaxing the

junctio_ with a quantum GTBMD method.

3--terminal "T-tunnel" Junctions of Nanotubes

M. Mem_u al_d D. Sfiva.,;ta_.a, Ph_. Rev. I,ell. Vol _'_:),4-153 [1_7_

1
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il[ Carbon ba._*d Electronics llI. _

Metal-Semkonductor-Metal

"Y" Tunnel Junction

A r_r-termlnal _nolube beterojunc_on

_,I. Mc_mm anti D. Sr[vasta+_, Ph)_,. Re',. Ixtt. 1"971
D. 5rh, aMaxa, S. Salnl aml M. Mrm:n, YvhtL F.k-c.._t aml r_.h_t. (9_1)
M. Men.n and D. Srivaslav_, J, Mater. Re.,. (98)
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_'j'[ Research Focus III
ir_'_ _ xCyNz C'm_p°sile Nan°tubes and J un'tl°ns

• Band gap engineering over a larger range should be

possible:

BN - 55 eV

BC2N - 2.0 eV

C -O-leV

BC 3 - 0.5 eV

~ ,a varie(_, of jure'lions, quanlum duls aml

superlattices _hould be p_,dble

- _;houhl be more rohu_;t

• Example: Composite (10,0) nanotube

O.'_J eV/atom 0._ eV/_tum 0217eVlatmn

re¢_l_lrlJt_)rl (|lie io
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Composite Nanotubes and Junctions ]

B doping of Carbon Nanotub¢

Rarah.n Island (BC3) Superlattlee (Be3)

0.11_ 4.013 -0.016 eV/a_,m

I_lta,,*, scparathm .f dl}Lwd aml uml.lX_l i_-f, tnlt_ is

thl, rmod_ rlamieall? stabl¢ :

• BN/C Junetlon.s

T.terface Energ7 = 2*BN/C - BN - C

Interface Enerlff = 0.33¢V/CB bond

Stable interfaces sh_Juld be possible !

D. Srivastav'a and 5,L Menon, unpublished (1998)
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Nano mcehano-eleclronics effects are ".':ll'Olle°l) '" dependent

On tube chiralitie_ !

D Sll_a_qln'a _L.d M. Mcnom ulq_ubtishtd/.IO9_,_
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I t I 'Nano-Mechano-chemJstry

• Predictinns of enhanced chemical rc:wtivil_ in regions

or lo¢-al conformatlonal strains: Kink}" ChemLstr?

Kink on • bent: tulle -" 4 e i te
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Ridge On a _wIoted : I _ , 7 ,
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Tnr_onally twisted SWNT equillbraled In an I! hath
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SENI hmlges of M_; ,-NTs dLspersed on a V-ridge substrate

(a) Before Reaction

(b) Same sample after exposure to nitric acid vapor at room
temperature

"Predictions of enhanced chemical reactivity in regions
of local conformational swains: kinky chemistry," D. Srivmtava,
J. D. Schall, D. W Brenner, K. D. Ausman M. Feng,
and R. Ruoff, 1. Phys. Chem. Vol. 103, 4330 (99)
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Comments:

Nanotechnology Materials and Applications.

¢ompres.'sed C _qnotubcs in composites

- Nanostructured skin effect
Functionality ol' a smar[ malerial

- Nano Eleclromechanical Serc_ors (N'EM$_

Comp_nenls of Molecular Electronics

~ n_rchanlcal kink catalyzed chemE_try
~ kinky chemistr)

Mechanical

Chemical
f v N

Electronic i
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